Purpose: To measure the effects of using time-resolved (TR) versus time-averaged (TA) ventricular segmentation on four-dimensional flow-sensitive (4D flow) magnetic resonance imaging (MRI) kinetic energy (KE) calculations. Materials and Methods: Right (RV) and left (LV) ventricular KE was calculated from 4D flow MRI data acquired at 3.0T in 10 healthy volunteers and five subjects with cardiac disease using TR and TA segmentation. KE was calculated from the mass of blood within the ventricles multiplied by the velocities squared. Differences in TR and TA KE and interobserver variability were quantified with Bland-Altman analysis. Results: In healthy volunteers, peak systolic RV KE (KE RV ) were 4.89 6 1.49 mJ using TR and 5.53 6 1.62 mJ using TA segmentation (P 5 0.016); peak systolic LV KE (KE LV ) were 3.29 6 0.96 mJ and 4.16 6 1.26 mJ (P 5 0.005). Peak diastolic KE RV were 3.33 6 0.90 mJ (TR) and 3.61 6 1.12 mJ (TA) (P 5 0.082), while peak diastolic KE LV were 4.90 6 1.49 mJ and 5.31 6 1.59 mJ (P 5 0.044). In patient volunteers, peak systolic KE RV were 4.34 6 3.78 mJ using TR and 4.88 6 3.98 mJ using TA segmentation (P 5 0.26); peak systolic KE LV were 4.39 6 4.21 mJ and 4.36 6 3.84 mJ (P 5 0.91). Peak diastolic KE RV were 3.34 6 2.08 mJ (TR) and 4.05 6 1.12 mJ (TA) (P 5 0.08), while peak diastolic KE LV were 4.34 6 5.11 mJ and 4.06 6 3.47 mJ (P 5 0.75). Interobserver differences in KE LV were greater for TR than TA calculations; bias ranged from 3 6 30% for TA peak systolic KE LV to 36 6 30% for TR peak diastolic KE LV . Conclusion: Although qualitatively similar, KE values calculated through TA segmentation were consistently greater than TR KE, with differences more pronounced during systole and in the LV. Level of Evidence: 2
T he accurate assessment of cardiac function is essential in evaluating and managing heart disease. Clinically, this is primarily conducted with echocardiography and cardiac catheterization, with ventricular volumes, ejection fraction, cardiac output, and pressures being the conventional indices of evaluating cardiac performance. Recent studies using four-dimensional flow-sensitive (4D flow) magnetic resonance imaging (MRI) suggest that alterations in flow may occur prior to measurable changes in these traditional indices of cardiac function. [1] [2] [3] [4] Alterations in kinetic energy (KE), in particular, may reveal changes in cardiac efficiency earlier than standard anatomical assessments of function. [5] [6] [7] Ventricular KE contributes a much smaller component to the total work of the heart than stroke-work, 8 yet calculating stroke-work requires invasive techniques such as cardiac catheterization. In contrast, 4D flow MRI can be used to calculate KE noninvasively. 9, 10 Furthermore, recent studies using 4D MRI flow quantification have demonstrated significantly altered KE profiles within the ventricles of patients with repaired tetralogy of Fallot and heart failure compared to healthy controls, 6, 7 adding weight to the value of KE in measuring ventricular dysfunction.
Quantification of KE using 4D flow MRI involves the analysis of blood flow at different phases of the cardiac cycle within predetermined volumes defined through either timeresolved (TR) or time-averaged (TA) segmentation. By using contours obtained from one composite image across all phases, the TA approach allows for faster postprocessing than TR segmentation, which requires manual contouring of images from each phase. However, given the substantial change in ventricular volume that occurs between systole and diastole, 11 analyzing an invariable region may result in significant inaccuracy in cardiac KE quantification. Yet for KE analysis using 4D flow MRI to be of practical clinical value, the faster turnaround offered by TA segmentation is essential, and its precision must be verified. The purpose of this study was to measure the effects of using TR versus TA ventricular segmentation on 4D flow MRI KE calculations in both healthy volunteers and patients with cardiac disease.
Materials and Methods

Subjects
Ten healthy volunteers (six men, four women, ages 24-31 years, mean age: 27.4 6 2.3 years) with no history of cardiovascular disease, no history of smoking, and no current use of medications, and five patients with abnormal cardiac function (three with tetralogy of Fallot, one with pulmonary arterial hypertension, one with coaction of the aorta, two men, three women, ages 8-61, mean age: 24.4 6 21.4 years) were included in this Institutional Review Board-approved and Health Insurance Portability and Accountability Act-compliant study.
4D Flow MRI
4D flow MRI (PC VIPR, phase contrast with vastly undersampled isotropic projection reconstruction 12 ) data were acquired on a commercially available, clinical 3T scanner (MR750, GE Healthcare, Waukesha, WI). Typical scan parameters were: VENC 5 150 cm/s, 3D velocity encoding; repetition time / echo time / flip 5 6.1 msec / 2.4 msec / 88; reconstructed imaging volume 5 34 3 34 3 34 cm 3 ; bandwidth 5 488.3 Hz/pixel; and readout 5 256 samples, resulting in 1.32 mm isotropic spatial resolution. No contrast was administered prior to image acquisition, and respiratory bellows and retrospective electrocardiogram gating was utilized during the scans.
4D flow MRI datasets were reconstructed into 20 phases per cardiac cycle, resulting in 20 magnitude and 20 phase series. In addition, time-averaged magnitude and complex difference series were reconstructed. Second-order background correction was performed offline in MatLab (MathWorks, Natick, MA) prior to segmentation and KE analysis.
Ventricular Segmentation
Right ventricle (RV) and left ventricle (LV) volumes were segmented using Mimics (Materialise, Leuven, Belgium) as described previously. 13 RV and LV chamber cross-sections were manually traced on approximately one axial slice ( Fig. 1 ) per every three, beginning from the outflow tracts and proceeding to the inferior margins of the ventricles; the interpolate feature on Mimics was then utilized to smooth the contours between these slices, resulting in 3D volumes of the RV and LV (Fig. 2 ). Trabeculations and papillary muscles were considered to be parts of the ventricular blood pool. For the TR segmentation, this process was performed 19 times per volunteer and cardiac disease subject, at phases spaced equally apart throughout the cardiac cycle; the 20 th phase was not included for any subject due to poor image quality precluding accurate segmentation. For the TA segmentation, the time-averaged magnitude images were used for segmentation.
KE Calculation
The time-resolved, three-directional velocity data were analyzed using Ensight (CEI, Apex, NC). For each subject, the kinetic energies within the right and left ventricles (KE RV and KE LV , respectively) at each phase of the cardiac cycle were calculated twice, once using the TR segmentation and once using the TA segmentation. Using MatLab and the equation KE 5 1 =2mv 2 , with mass (m) calculated by multiplying the voxel volume by the density of blood (1.05 g/ml) and velocity (v) determined for each voxel through 4D flow MRI, the KE of each voxel within the segmented volumes was calculated; these values were then summed to determine the total KE within the ventricles at each phase of the cardiac cycle. For the TR calculations, the voxels used as parameters in the calculations varied dynamically with the cardiac cycle, reflecting the 19 different segmentations. For the TA calculations, the voxels included remained the same throughout the cycle, reflecting the composite image. All values were calculated in millijoules (mJ).
Statistical Analysis
Peak systolic and diastolic KE values using TR and TA segmentation were compared using paired Student's t-test, with a statistical significance level of 0.05. For the five patients with cardiac pathology, analysis was performed after averaging the two observers' datasets, and interobserver variability was quantified using a Bland-Altman analysis.
Results
Although the time-resolved images were subjectively noisier than the time-averaged images ( Fig. 1 ), TR segmentation was feasible in all 15 subjects. For both LV and RV, TR end-diastolic volumes (LV 5 163,884 6 34,077 mm 3 , RV 5 194,089 6 38,631 mm 3 ) were always greater and TR volumes (LV 5 66,528 6 13,277 mm 3 , RV 5 103,870 6 29,252 mm 3 ) were always less than the TA volumes (LV 5 148,135 6 33,545 mm 3 , RV 5 180,599 6 34,839 mm 3 ) among the healthy volunteers ( Fig. 2) . Figure 3 shows mean KE curves produced by averaging the KE calculated at each phase across the 10 healthy volunteers, for both TR and TA, in both ventricles, along with curves representing the difference in calculated KE values between the segmentation methods. The systolic KE peaked in the RV at the same phase regardless of segmentation method; in the LV, the TR and TA peaks occurred at the same phase (eight subjects) or within one phase of each other (two subjects). The TR and TA diastolic KE peaked at the same phase (six subjects for RV, seven subjects for LV) or within one phase of each other (four subjects for RV, three subjects for LV). The maximum difference between the TR and TA KE values occurred during systole for both the RV and LV. Regarding the RV KE profiles, in the majority of cases peak systolic KE was higher than peak diastolic KE, regardless of segmentation. In contrast, with the LV, peak systolic KE was consistently lower than peak diastolic KE, particularly so with TR segmentation. Table 1 summarizes the peak systolic and diastolic RV and LV KE data for the healthy participants. In the majority of cases, TA-segmentation resulted in higher KE values than TR-segmentation for both peak systolic and diastolic KE. The mean differences between TR and TA KE values ranged from 8 6 13% for peak diastolic RV KE to 28 6 22% for peak systolic LV KE. Differences between TR and TA KE were greater for peak systole than peak diastole in both the RV and LV. These differences were significant for peak systolic KE RV and KE LV and peak diastolic KE LV . Table 2 summarizes the peak systolic and diastolic RV and LV KE data for the cardiac disease patients, with listed values denoting the average of the two observers' calculations. The mean differences between TR and TA KE values ranged from 1 6 13% for peak systolic LV KE to 29 6 70% for peak diastolic LV KE. No statistically significant differences were appreciated between the TR and TA KE peaks, regardless of cardiac phase or ventricle. Table 3 summarizes interobserver variation for the KE calculations obtained for the five subjects with cardiac pathology. The mean bias between the observers' KE values ranged from 1 6 10% across all RV TA phases to 36 6 30% for peak diastolic LV KE. The mean biases for all phase, systolic peak, and diastolic peak KE were greater for TR than TA values with respect to the LV; this trend was less apparent among the RV biases.
Discussion
In this study, differences between TR and TA segmentation of ventricular volumes for KE analysis of 4D flow MRI data were investigated. Among the healthy volunteers, although qualitatively TR and TA segmentation resulted in similar profiles with regard to the timing of KE peaks and troughs, quantitative differences were evident. First, TA segmentation resulted in consistently greater KE values than TR KE values during systole in both ventricles, but not during diastole in the RV, and only slightly in the LV. This likely is due to the longer amount of time the healthy human heart, at rest, spends in diastole than systole. As a result, the composite images produced through averaging the entire cardiac cycle more heavily reflect diastole; the volumes obtained through the TA segmentation of these images must therefore be larger than those derived through TR segmentation of systolic phases. Consequently, TA analysis during systolic phases will include voxels not included in the TR analysis, voxels outside the actual heart chambers that instead denote myocardium. That this difference in volumes should only be a major factor during systole is reflected in the overall similar shapes of the TA and TR KE curves, and the smaller differences noted during diastole.
Another, related finding was that the mean difference between the peak systolic values obtained through TR and TA segmentation, and between the peak diastolic values, was greater for the LV than the RV. This may just be secondary to consistent differences in the segmentation method of the different ventricles, but if the TA segmentations of both ventricles incorporate a portion of the myocardium during systole, it may also reflect increased KE generation and blood flow within the muscular wall of the LV chamber as it works to pump blood against the greater pressures of the systemic circulation.
In contrast to the healthy participants, no statistically significant differences were identified between KE values obtained via TA and TR segmentation. This may be due to less substantial changes in volume across the cardiac cycle in pathologic states such as repaired tetralogy of Fallot with pulmonary regurgitation, which may lead to ventricular dilation.
These findings provide a useful context for studies involving 4D flow MRI and KE. While examining hepatic flow using 4D flow MRI with the same sequence as our study, Landgraf et al 14 demonstrated that a TA reconstruction of flow within the portal circulation is as viable as a TR reconstruction. However, the study did not specifically look at KE, and portal circulation is less pulsatile than flow through cardiac chambers. Despite the quantitative differences demonstrated between the two methods, our findings indicate that TA segmentation correlates well with TR segmentation, supporting the validity of previous studies using the former to evaluate KE profiles. Additionally, by highlighting where differences do exist between the two methods, this study may help inform future use of 4D flow MRI. If a precise quantification of systolic KE is paramount, and a 10% to 28% larger KE may impact results or management, TR segmentation may be warranted. In contrast, studies interested in a more qualitative assessment of KE profiles-or focused on diastolic KE quantification and willing to accept an 8% to 14% overestimation-may benefit from the efficiency of TA segmentation without sacrificing validity. Our finding also supports the validity of blending both methods. Rather than segmenting every phase, investigators could segment one characteristic phase during diastole and one during systole, producing more specific, accurate volumes that could be used for data analysis during the appropriate portion of the cardiac cycle. Such a method would largely retain the efficiency of TA 9 This study has several limitations. First, because the composite image used in TA segmentation draws from a larger set of data than each individual phase of the cardiac cycle, the quality of the axial images used for contouring differs substantially between TR and TA segmentation. While in general we were able to differentiate between the lumens of the ventricles and the surrounding myocardium, this was substantially more difficult with TR segmentation due to increased noise compared to the TA reconstructed images. This was especially apparent among the patients with abnormal cardiac function, and likely played a major role in the greater interobserver variability among the TR values, particularly within the LV. While this difference is unlikely to have greatly affected our findings, it is a potential confounding factor. In future studies, additional scan time may be required to increase the ease and accuracy of TR segmentation. Alternatively, TR segmentation could be conducted using time-resolved steady-state free precession images, which have an inherently higher signal-to-noise ratio; although we have previously shown that the differences in RV and LV end-diastolic volume and end-systolic volume are 0.8-4 mL. 13 Another limitation of this study is the large interobserver variability in the analysis of the subjects with abnormal cardiac function. As mentioned above, that this variability is greater among the TR values than TA likely is due to the difficulty in delineating between lumen and myocardium with TR segmentation. However, the substantial interobserver variability still present even among the TA values indicate the possibility of consistent differences in segmentation between the different observers, differences exacerbated by the abnormal anatomy present in pathologic cardiac conditions. Future studies may benefit by establishing more uniform segmentation systems to improve reproducibility between observers.
Finally, while our results were significant, our sample size was limited, reducing the power of our study. However, manual TR segmentation is very labor-intensive; before undertaking a more robust study of TR segmentation with a larger sample size, future investigators may benefit from new fully automatic segmentation methods. 15 In conclusion, while 4D flow MRI shows great promise as a novel method of noninvasively analyzing cardiac pathology through biomarkers such as KE, the characteristics of the segmentation method selected for its postprocessing must be considered. Our study demonstrates that while there are significant quantitative differences in KE values obtained between the labor-intensive TR segmentation and the more efficient TA segmentation, these are largely limited to systole, and do not detract from the overall similarity in KE profiles produced by the two methods. If precise systolic KE values will not impact clinical management or help address a scientific query, TA segmentation remains a valid, more time-and labor-effective option than TR segmentation for investigating cardiac KE profiles.
